Abstract. microRNAs (miRNAs) are small non-coding RNAs that regulate various biological processes by interfering with the translation of target genes. Several studies have suggested that miRNAs are involved in cellular responses to hydrogen peroxide (H 2 O 2 ). Reactive oxygen species (ROS) are involved in hair malignancies, however, the H 2 O 2 -induced, miRNA-dependent regulatory mechanisms of human dermal papilla (HDP) cells are not fully understood. Our previous study demonstrated that changes in miRNA expression function to regulate growth arrest and apoptosis in UVB-irradiated HDPs. In the present study, miRNA expression was profiled in HDPs treated with H 2 O 2 . The transcriptome analysis of H 2 O 2 -treated HDPs enabled the identification of 68 differentially expressed miRNAs (62 were upregulated and 6 were downregulated) and 14,316 putative target genes of the miRNAs. Gene ontology (GO) analysis was utilized to verify that the putative target genes of the altered miRNAs were associated with H 2 O 2 -induced cell growth arrest and apoptosis. This bioinformatics analysis indicated that H 2 O 2 -response pathways involved in growth arrest and apoptosis were significantly affected. The identification of miRNAs and their putative targets may offer new therapeutic strategies for H 2 O 2 -induced hair follicle disorders.
Introduction
The dermal papilla (DP) describes the component of the hair follicle that is involved in hair growth and formation. During development of the hair follicle, the DP is generated by condensation of dermal mesenchymal cells. The DP exists at the base of hair follicles and regulates the hair cycle by providing key signals that control the timing and phase of hair follicle growth and formation (1, 2) . Anagen is the active growth phase of hair follicles, where the root divides rapidly and adds material to the hair follicle for rapid hair growth. DP stimulates the initiation of the anagen growth phase by secreting Fgf7/10 and TGFβ (3, 4) . DP-induced β-catenin/Wnt signaling sustains the anagen phase and DP-induced Notch/Wnt5a signaling induces hair follicle differentiation (5, 6) . The production of reactive oxygen species (ROS) in hair follicles results in hair developmental disorders, including graying and hair loss (7) (8) (9) . One such example is alopecia, which is induced by a ROS-mediated reduction of hair growth (9, 10) .
Oxidative stress that results in crucial damage of DNA, proteins and lipids is implicated in several hair follicle disorders, including graying and hair loss (7) (8) (9) (10) . Oxidative stress is increased by the accumulation of ROS, including hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH 
. The generation of ROS and RNS is triggered by an imbalance between pro-oxidants and antioxidants. It has been identified that high levels of oxidative stress induces growth arrest, apoptosis and necrosis in cells (11) . Mammalian cells have developed defense mechanisms to neutralize ROS, including antioxidant enzymes and non-enzymatic antioxidants (12, 13) . In hair follicles, low levels of ROS are generated in the mitochondria, and these act as crucial signaling molecules for hair follicle differentiation and morphogenesis (7) . However, high levels of ROS directly damages cellular membranes, lipids, proteins and DNA (9) . ROS levels increase with aging, which causes a decrease in the function and number of functional melanocyte cells in hair follicles (8) . ROS-responsive microRNA (miRNA) Identification of microRNAs involved in growth arrest and cell death in hydrogen peroxide-treated human dermal papilla cells expression regulates the cell cycle and apoptosis in a variety of cells (14) (15) (16) . miRNAs are short oligonucleotides, consisting of ~19-24 nucleotides (17) . miRNAs repress the translation of their target genes by binding to partly complementary sequences in the 3' untranslated region of the target mRNA (18) . miRNAs are involved in the control of diverse cellular processes, including cell growth, apoptosis, development, metabolism, stress adaptation, hormone signaling and differentiation (18) (19) (20) (21) (22) . In hair follicles, a deficiency of miRNAs induced by the knockout of Dicer and Drosha blocks the anagen developmental phase by repression of the catagen phase (23) . It has been hypothesized that the miRNA miR-31 is involved in hair follicle growth and hair fiber formation because it targets Krt16, Krt17, Dlx3 and Fgf10 (24) . A recent study compared the miRNA expression profiles in balding and non-balding dermal papilla (25) .
To the best of our knowledge, no previous studies have reported the miRNA expression profile in H 2 O 2 -treated DP. Therefore, in the present study, we analyzed changes in the miRNA expression profiles in DP alone and in DP that had been treated with H 2 O 2 . The target genes of significant miRNAs (those with >2-fold changes in expression) were predicted by an in silico prediction algorithm. Based on these data, we derive a model indicating that H 2 O 2 -specific miRNAs regulate ROS-responsive cellular functions.
Materials and methods
Cell culture. Human dermal papilla (HDP) cells were purchased from Cellbio Inc. (Seoul, Korea). HDPs were maintained as a monolayer culture in Dulbecco's modified Eagle's medium (DMEM; Gibco-Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin. HDPs were cultured in a humidified chamber with 5% CO 2 at 37˚C.
Cell viability. HDPs (5x10 3 cells) were plated in 96-well culture plates and treated with H 2 O 2 for 24 h under the growth conditions described above. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay was performed by adding 0.5 µg/ml MTT (Sigma-Aldrich) to the culture medium. Following 1 h of incubation under normal cell growth conditions, the growth medium was removed and 200 µl of dimethyl sulfoxide was added to each well. The absorbance was measured at 490 nm using a microplate reader (iMark; Bio-Rad, Hercules, CA, USA).
Cell cycle analysis. The cell cycle was determined by flow cytometry via propidium iodide (PI) staining. Cell cycle analysis was performed as described previously (26) .
RNA preparation and miRNA microarray. Total RNAs were extracted by RiboEX (GeneAll Biotechnology Co., Ltd., Seoul, Korea) and quantified by measuring the optical density ratio. The miRNA microarray (SurePrint G3 Human v16.0 miRNA 8x60K; Agilent Technologies, Santa Clara, CA, USA) was performed according to the manufacturer's instructions. miRNA was stained by pCp-Cy3 (Agilent Technologies), combined with T4 ligase (Agilent Technologies) and hybridized to a probe on the microarray. The microarray was imaged using the Agilent microarray scanner and digitized by Feature extraction. The digitized data were analyzed for fold change, miRNA potential target and gene ontology (GO) using Genespring GX version 11.5 (Agilent Technologies).
Prediction of miRNA target genes and GO analysis.
The putative target genes of significantly up and downregulated miRNAs were identified by the web tool TargetScan. Target gene prediction was performed on significant miRNAs with 50 context score percentile using the conserved and non-conserved database. The putative target genes were identified and sorted by GO of each gene.
Statistical analysis. Statistical significance was determined by Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

H 2 O 2 treatment decreases the viability of HDPs via cell cycle arrest or apoptosis.
To determine the cytotoxicity of H 2 O 2 , we initially examined the viability and status of the G1 or G2/M population in HDPs. HDPs were treated with H 2 O 2 (0-1,000 µM) and the resulting viability was measured using the MTT assay (Fig. 1A ). Following 24 h of H 2 O 2 treatment, a decrease in cell viability occurred in a dose-dependent manner. In the presence of 750 and 1,000 µM H 2 O 2 , a significant (P<0.05) decrease in cell viability to 71.23 and 50.60% of that in control cells, respectively, was observed (Fig. 1A) . In the presence of 750 µM H 2 O 2 , HDPs exhibited a 21.07% reduction in G1 phase and an 11.66% increase in G2/M phase, compared with those of the control (Fig. 1B ). These data suggest that H 2 O 2 decreases cell viability of HDPs by inducing cell cycle arrest at the G2/M phase and cell death.
Identification of H 2 O 2 -induced changes in miRNA expression
in HDPs. H 2 O 2 -induced changes in the miRNA expression profiles were analyzed using the Agilent miRNA microarray, which contains 1,368 probes that are able to detect 1,205 human miRNAs. The fluorescence intensity data for each sample was normalized by global normalization. To eliminate disorderly data, miRNA expression data were selected by requiring a present-flag for at least one of all samples. Using this method, 155 miRNAs were selected out of 1,205 human miRNAs detected by present-flag selection. To identify H 2 O 2 -regulated miRNAs, the refined data were compared for control HDPs grown under normal conditions and HDPs treated with 750 µM H 2 O 2 for 24 h. The results demonstrated that the expression levels of 68 miRNAs were altered at least 1.5-fold in response to treatment with H 2 O 2 . The 68 miRNAs are presented in Fig. 2 . Fold-change analysis revealed that 62 miRNAs are upregulated and 6 miRNAs are downregulated at levels of 1.5-fold or greater in control HDPs grown under normal conditions and HDPs treated with 750 µM H 2 O 2 for 24 h (Table I) .
Identification of H 2 O 2 -specific miRNA putative target genes and GO analysis. Our study identified 68 novel miRNAs that were significantly up or downregulated in response to H 2 O 2 treatment. As miRNA functions as RNA interference during mRNA TargetScan was used to predict the gene targets of the top five miRNAs that demonstrated the greatest increase or decrease in expression levels. The putative miRNA target genes were sorted into cell cycle, apoptosis and cell growth, and proliferation-related GO (Tables II and III) . Cell cycle-related GO included cell cycle (GO:0007049), cell cycle arrest (GO:0007049), negative regulation of cell cycle (GO:0045786) and regulation of cell cycle (GO:0051726). Apoptosis-related GO included apoptotic process (GO:0006915), apoptotic signaling pathway (GO:0097190), cell death (GO:0008219), death (GO:0016265), Target genes and functions
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Discussion
ROS, such as H 2 O 2 , are generated as reactive byproducts of cellular metabolism in the mitochondria. The intracellular level of ROS is distinctly regulated by the cellular antioxidant system, including non-enzymatic and enzymatic antioxidants (27) . The ROS level is increased in response to environmental stresses, including UV irradiation, toxic chemicals, heat and even high glucose concentrations (27, 28) . High levels of ROS induce cell cycle arrest, senescence and apoptosis due to ROS damage of cellular membranes, lipids, proteins and DNA (7) (8) (9) (10) . In the present study, and in others previously, it has been identified that H 2 O 2 induces growth arrest in HDPs ( Fig. 1) (Fig. 2) . miR-193-3p and miR-29b increased in H 2 O 2 -treated HDPs and induced apoptosis by targeting MCL-1 (34, 35) . MCL-1 is a BCL-2 family member that is involved in mitochondria-dependent intrinsic apoptosis (36) . MCL-1 represses apoptosis by preventing the formation of mitochondrial membrane potential (36) . Our data, together with those of Lin et al (15) , demonstrated that miR-193a-3p increased in response to ROS and subsequently induced cell death. A previous study revealed that miR-30a-5p was upregulated by H 2 O 2 , it repressed autophagy by targeting beclin-1 and eventually induced apoptosis (37) . In the present study, it was demonstrated that miR-20a-5p and miR-423-5p were repressed by H 2 O 2 in HDPs (Table I) . miR-20a-5p had multiple target genes, including BNIP2, APP, ASK1 and TNKS2. Therefore, miR-20a-5p regulated proliferation, migration, invasion and inflammation by the regulation of its target genes (38) (39) (40) (41) . miR-424-5p targeted p21Cip1/Waf1, which functions in proliferation and G1 phase transition (42) .
Numerous studies have demonstrated that ROS, including H 2 O 2 , induces intrinsic apoptosis (43) (44) (45) . H 2 O 2 -induced apoptosis is regulated by mitochondrial membrane permeability, which is regulated by the BCL-2 family (36). The anti-apoptotic BCL-2 family, including BCL2L10, BCL2L11, BCL2L2 and BCL10 were predicted as targets of miRNAs that were upregulated by H 2 O 2 (Table II) . The pre-apoptotic BCL-2 family members BOK and BAK1 were predicted as targets of miRNAs that were downregulated by H 2 O 2 (Table III) . Cell cycle regulating proteins, such as cyclins and CDKs, function during each phase of the cell cycle (G1, S, G2 and M) (46) . CCNA1 and CDK2 are required for the regulation of the G2/M phase (47, 48) . The results of the present study predict that hsa-miR-30a-5p and hsa-miR-29b-3p target CCNA1 and CDK2. These data suggest that H 2 O 2 -mediated growth arrest and cell death in HDPs is associated with the changes in expression of specific miRNAs.
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